Stagnation weather affects atmospheric diffusion ability, and hence causes the occurrence of haze events, which have been happening frequently in northern China (NC). This work puts forward an air stagnation index (ASI TS ) to characterize the stagnation weather in NC, in which the processes of ventilation, vertical diffusion, and wet deposition potency are concerned. ASI TS can be applied to analyze air stagnation conditions with daily to monthly time scale. It is shown that the ASI TS and particulate matter smaller than 2.5 mm in diameter (PM 2.5 ) concentrations own similar lognormal probability distribution functions on both daily and monthly time scales. And the correlation analyses between the ASI TS and PM 2.5 concentrations indicate that the ASI TS can reflect the monthly and daily variations in PM 2.5 concentrations in NC. In addition, ASI TS could be used as a leading predictor of haze events since correlation coefficients of ASI TS leading PM 2.5 concentrations by 1 day were significant and were larger than simultaneous correlation coefficients in almost all areas in NC. The robust relationship between ASI TS and PM 2.5 concentrations exists possibly because the index can reflect the activities of synoptic systems. ASI TS could be a useful statistical indicator for variations in PM 2.5 concentrations and haze events, and a good tool in analyzing the relationship between climate change and long-term variations in haze in NC.
Introduction
Northern China (NC; Fig. 1 ) has been experiencing severe air pollution during recent years because of high quantities of emissions accompanied by rapid economic development and urbanization (Hu et al. 2014; IPCC 2013; Mijling et al. 2013; Tie et al. 2009; Yuxuan Wang et al. 2013; Zhang et al. 2012) . Aerosol concentrations over NC are highly sensitive to meteorological parameters and show strong variabilities at daily (Quan et al. 2014; Guo et al. 2017) , monthly Guo et al. 2017) , and annual time scales (Mu and Liao 2014; Feng et al. 2016 ) since the meteorological factors, including wind speed, planetary boundary layer height (PBLH), and precipitation, can modulate aerosol dilution, transport, deposition processes, and even chemical reactions (Mu and Liao 2014; Seinfeld and Pandis 2006; Zhao et al. 2012 ). Hence, meteorology plays an important role in the occurrence of extreme haze events, characterized by extremely high concentrations of particulate matter smaller than 2.5 mm in diameter (PM 2.5 ) (Quan et al. 2011; Zhao et al. 2013; R. Zhang et al. 2014; Guo et al. 2015; Wang et al. 2015; Gao et al. 2016) . Under favorable meteorological conditions, PM 2.5 can rapidly accumulate to very high levels. For example, Quan et al. (2014) reported a wave of haze events over the North China Plain (NCP) with a maximal observed PM 2.5 concentration reaching 600 mg m 23 and a sustained haze event even persisted up to 6 days in Beijing during December 2012. They indicated that stagnation weather, generally characterized by low wind speeds and decreased PBLH, was the dominant factor in these haze events.
It is desired to establish a single ''meteorological index'' that could qualify the relationship between variations in meteorology and aerosol concentrations. It could be useful to understand the impacts of variations in weather and climate on the air quality, and to predict the occurrences of haze events. However, it is a very difficult issue to make a uniform index to trace the evolution of aerosol concentrations in any region and time scale because the interactions between aerosols and multimeteorological factors are extremely complex, even with many unclear mechanics, especially on the diurnal time scale (Z. . Hence, a meteorological index should have its focused spatial and temporal scope. These meteorological indices that were applied to NC in previous studies are presented in Table 1 . In summary, two methods were used to establish these indices. The first and most common one is to establish an empirical-statistical model using PM 2.5 concentrations and multivariable meteorological data by multilinear regression (MLR; Tai et al. 2010 Tai et al. , 2012 Feng et al. 2016) or through other statistical methods, such as the summation of multinormalized atmospheric factors ). An empirical-statistical meteorological index is efficient for studying variations at a specific place and time scale but it lacks a sufficient physical background. The application scopes of these indices are narrow. The second method is to establish an index that can physically characterize the air stagnation weather, which is strongly related to the variability in aerosol concentrations (Jacob and Winner 2009; Sun et al. 2013; Ye et al. 2016) .
The air stagnation index (ASI) was issued by the National Oceanic and Atmospheric Administration (NOAA) in the United States (https://www.ncdc.noaa.gov/societalimpacts/air-stagnation/overview). Here we refer to it as the ASI NOAA , which was also referred to as NCDC ASI in Horton et al. (2012 Horton et al. ( , 2014 . ASI NOAA is defined as the percentage of stagnation days in a period of time (e.g., 1 month). Stagnation days herein refer to days in which the daily sea level geostrophic wind speed is less than 8 m s
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(or when the surface wind speeds are less than 4 m s
, or the wind speed at 10 m is less than 3.2 m s 21 ), on which the daily wind speed at 500 hPa is less than 13 m s
, and on which no precipitation occurs and the daily temperature is inverted within the PBL (using the layer between the surface and 850 hPa in practice). By the definition, the ASI NOAA scheme mainly involves three key processes related to variations in aerosol concentrations: 1) local horizontal ventilation in the atmospheric column, that is, ventilation potency, 2) local vertical diffusion potency in the PBL, and 3) wet deposition potency. The ASI NOAA has been widely used in many studies in many regions of the world (Leibensperger et al. 2008; Horton et al. 2012 Horton et al. , 2014 , including China (Huang et al. 2017 ). And it is reportedly able to characterize the seasonal and interannual variations in aerosol pollution (Mamtimin and Meixner 2011) . However, it is worthy to note that the ASI NOAA is semiempirical based on observations in the United States (Korshover 1976; Korshover and Angell 1982; Wang and Angell 1999) , and thus it could not be suitable for capturing the haze event effectively in other regions. For example, the criterion of temperature inverse in the definition of ASI NOAA , which only uses two pressure levels, could not be applicable in China because the temperature profiles in the low troposphere, including the PBL, seem extremely complex in China because of the strong positive feedback induced by high aerosol concentrations (Yuan Wang et al. 2013; Guo et al. 2016; ). According to Cai et al. (2017) , only 28% of the severe haze events in Beijing were captured using the ASI NOAA . In addition, the ASI NOAA cannot reflect short-term variations in aerosol concentrations because of its representation of stagnation days as percentages in a given period of time.
To fill these gaps, considering the basic aerosol processes related to meteorological fields, we introduced a new ASI scheme (hereafter referred to as ASI TS ) that is applicable to daily and monthly variations in aerosol concentrations in NC. This paper is organized as follows. An illustration of the ASI TS scheme, the meteorological data, and the observed PM 2.5 concentrations are provided in section 2. In section 3, we demonstrate the geographic distribution and probability distribution function (PDF) of ASI TS and the performance of ASI TS in capturing the monthly variations in PM 2.5 concentrations over NC, which are accompanied by a comparison of ASI TS with the ASI NOAA . Then we apply the ASI TS to the daily PM 2.5 concentration variations and prediction of extreme haze occurrence in NC. We also The ASI TS scheme is designed to include the same three basic processes that strongly effect stagnation weather conditions and the accumulation of aerosols over NC as ASI NOAA , with a form of
where P V , P D , and P W represent the ventilation potency, vertical diffusion potency in the PBL, and wet deposition potency, respectively. In this index, the three parameters are multiplied together rather than added to avoid determination of the weights of the three parameters, which could vary in different circumstances. This method was used in many parameterization schemes in models and remote sensing retrieval of aerosols (Chen et al. 2012; Seinfeld and Pandis 2006; Tang et al. 2017; Zhang and Li 2015) . As a result, the ASI TS series always has the same time resolution as the meteorological samples used in the right-hand terms. In addition, several mathematic processes are adopted to make ASI TS dimensionless and keep its value not exceeding two orders of magnitude (similar to the variation of PM 2.5 ), which are detailed in the following paragraph. In the ASI TS scheme P V presents the effects of the wind speed in the local atmospheric column, rather than only surface winds in the ASI NOAA , which are simply represented by the weighted average of the wind speed from the surface layer to the top of the atmosphere as follows:
where U denotes the weighted average of the wind speed, z 0 and z T are the geopotential heights at the surface and the top of the atmospheric column, respectively, U(z) is the wind speed at the geopotential height z, and s(z) denotes the weights of U(z), thereby reflecting the independent impacts of the wind speed at a height z on the PM 2.5 concentrations at the surface. The vertical distribution of s(z) is difficult to determine at present. Since aerosols are basically concentrated in the PBL and decrease rapidly above the PBLH (Hara et al. 2011; Han 2016), we assume well-mixed atmospheric conditions with confined aerosol masses in the PBL He et al. 2016) . Then, the vertical distribution of s(z) is constant, and (2) can be simplified as
where z PBL is the geopotential height at the top of the PBL. Some previous studies also labeled the term Ð z PBL z 0 U(z) dz in (3) the ventilation index (VI), which was found to be significantly negatively correlated with aerosol concentrations in China (Jiang et al. 2015; Liu et al. 2015) . Therefore, P V can be presented by the expression P V 5 f (U), where f (U) is a decreasing function of U. A simple expression of f (U) can be written in form of the power law relationship f (U) 5 l

V U
2a , where a . 0, to illustrate the nonlinear relationship between wind speed and the PM 2.5 concentrations (Liu et al. 2007; Cobourn 2010; You et al. 2016) . In addition, the magnitude of U over NC has a wide range from 10 22 to 10 1 m s 21 according to our calculations. Therefore, we set a 5 1/4 in order to keep the order of magnitude of P V at 1 and to avoid excessively large values of P V due to situations with very weak wind speeds in the PBL (i.e., U / 0). The uncertainty caused by the value of a in ASI TS is discussed in section 3e. It is shown that a is not a sensitive parameter for the relationship between ASI TS and PM 2.5 concentrations when a # 1/2 in NC. A scaling parameter l V , which is set to 1 m s
21
, also is used to make P V dimensionless. Finally, P V is expressed as follows:
The parameter of vertical diffusion potency P D depends on local turbulence characteristics. It is difficult to accurately describe mixing in the PBL by solving the underdetermined system of dynamic equations for turbulence (Lin and McElroy 2010) . However, since aerosol masses are mainly concentrated in the PBL (Hara et al. 2011; Li and Han 2016) , the PBLH can reflect the vertical diffusion capability. Hence, P D is expressed as follows:
where l D is the scaling parameter for P D . Because the order of magnitude of the PBLH is ;10 3 m over NC, l D is set to 10 3 m to confine the order of magnitude of P D to 1. The wet deposition is very efficient for the removal of aerosol masses. Hence, the precipitation threshold of 1 mm day 21 used in the ASI NOAA (Horton et al. 2012 (Horton et al. , 2014 Huang et al. 2017 ) is reserved in the definition of P W . Since P W should be positive to avoid a singularity in the ASI TS time series, P W is expressed as follows:
where r is the daily mean accumulated precipitation rate (mm day
) and
The order of magnitude of P W is also 1, similar to the P V and P D . The expression of P W represents a significant decrease (e-folding) of the stagnation conditions due to precipitation.
Substituting (3), (4), and (6) into (1), the ASI TS can be represented as follows:
where l 5 l D /l V 5 10 3 s, which keeps the ASI TS dimensionless, is a linear parameter that cannot impact the relationship between ASI TS and PM 2.5 . Since P V , P D , and P W are all positive and with an order of magnitude of 1, the ASI TS will be positive and also has an order of magnitude of 1.
The ASI TS scheme owns several favorable characteristics when compared with other previous indices: 1) the ASI TS scheme does not include statistic-empirical parameters to represent the effects of meteorological variables and characterize the stagnation weather; 2) the ASI TS scheme can be applied to the variations in PM 2.5 concentrations on daily to monthly time scales (see section 3); and 3) ASI TS is calculated with the same frequency of meteorological variables. Fig. 1a; 328-478N, 1058-132.58E ). In addition, we obtained the gridded PM 2.5 data by spatially interpolating the original MEP observation sites into the meteorological data grid (0.6258 3 0.58; see section 2c) to avoid a heterogeneous distribution of observation sites and missing values at many sites. Such an approach was used in previous studies that analyzed the influences of meteorological factors on aerosol concentrations (Tai et al. 2010 (Tai et al. , 2012 T. Zhang et al. 2016) . It should be noted that interpolation errors exist in areas where the PM 2.5 observation sites are scarce, including northern Inner Mongolia and some mountainous areas in southwestern NC. Thus, analysis hereinafter will avoid these areas. Figure 1b shows the geographic distribution of the time-averaged PM 2.5 concentrations by interpolating the observed data over NC from 1 April 2013 to 31 March 2016. The PM 2.5 concentrations are the highest in the central and southern parts of the BeijingTianjin-Hebei region (BTH), up to 110-120 mg m 23 , which is corresponding to the previous studies Zou et al. 2017) . Some other areas in NC including the western Shandong Province, central Henan Province, central Shanxi Province, and the vicinity of Harbin had the mean PM 2.5 concentrations of 90-100, 90-100, 70-80, and 70-80 mg m
23
, respectively, which were also reported in previous studies (Quan et al. 2011; Zhang et al. 2012 ).
c. Meteorological data
The meteorological data, including the geopotential height, PBLH, and precipitation, come from the ModernEra Retrospective Analysis for Research and Applications, version 2 (MERRA-2), dataset, which is available from the Goddard Earth Sciences Data and Information Services Center (GES DISC, https://disc.sci.gsfc.nasa.gov). The highest-resolution datasets (0.6258 3 0.58) in MERRA-2 are used to retrieve accurate interpolation results. The MERRA-2 meteorological datasets assimilated conventional and satellite observations detailed in Koster et al. (2016) and Gelaro et al. (2017) , and were validated in Bosilovich et al. (2015) . Compared with the National Centers of Environmental Prediction-Department of Energy AMIP-II reanalysis (NCEP-2) data, the normalized mean bias of geopotential height and wind speed in the low troposphere in NC (lower than 500 hPa) were 0.1% and 7%, respectively. Reichle et al. (2017) assessed the seasonal biases and time series correlation of the MERRA-2 dataset versus the Global Precipitation Climatology Project, version 2.2 (GPCPv2.2), precipitation dataset over 1980-2015 and showed that the MERRA-2 precipitation data have no apparent bias over NC. MERRA-2 data have been used in many studies on the structure and the dynamics of atmospheric circulation systems (Coy et al. 2016; Bosilovich et al. 2017 ) and the global atmospheric water balance and variability (Bosilovich et al. 2017) . In this manuscript, the ASI TS is calculated using the MERRA-2 data from 1 April 2013 to 31 March 2016. Besides the original gridded MERRA-2 data, we also use the sites' data that are obtained via bilinear interpolation from the corresponding gridded data into the PM 2.5 monitoring network of the MEP/EMC.
Results and analysis
a. The monthly variations of ASI TS in NC ASI TS had a robust relationship with the monthly variations in PM 2.5 concentrations in NC. Figure 1c is the spatial distribution of correlation coefficients between the monthly ASI TS and PM 2.5 concentrations in the same grid. It is shown that the monthly variations in ASI TS are correlated positively with PM 2.5 . The correlation coefficients in 99.1% of the areas in NC passed the t test at a 99% confidence level. The correlation coefficients in BTH, Shanxi, and the northern Anhui Province were large and reached up to 0.9-1.0, 0.8-0.9, and 0.8-0.9, respectively. Since these regions were also the severe aerosol-polluted regions in NC (Fig. 1b) , it is suggested that the high aerosol pollution levels in these areas should be largely attributed to the air stagnation conditions. In addition, we also show the geographic distribution of correlation coefficients between the monthly ASI NOAA values and PM 2.5 concentrations in NC (Fig. 1d) . It is clear that the ASI TS shows a more significant relationship with PM 2.5 concentrations than the ASI NOAA among the grid cells throughout NC, indicating that the ASI TS is more suitable for analyzing monthly variations of PM 2.5 concentrations in NC than the ASI NOAA .
To conduct a more in-depth analysis of these relationships, the PDFs of the ASI TS , ASI NOAA , and the PM 2.5 concentrations are shown in Fig. 2 . The PDF of the monthly PM 2.5 concentrations in NC was a smooth lognormal distribution (Fig. 2a) , with the highest probability density at approximately 41 mg m 23 . The lognormal PDF distribution of PM 2.5 concentrations is similar to the results from previous studies ( Sakalys et al. 2004; Ovadnevait _ e et al. 2007; Lu 2002) . We calculate the normalized mean bias [NMB; NMB 5 å Cmax c50 jP(C) 2 P LN (C)j/ å Cmax c50 P LN (C) 3 100%, where C represents the PM 2.5 concentrations, and P(C) and P LN (C) are the probability values of the observed concentration C and the lognormal fitting PDF curve, respectively] of the PM 2.5 to compare the similarities between the PDF of the PM 2.5 concentrations and its lognormal fitting curve. The NMB of the PM 2.5 concentrations toward its lognormal function curve was 24.0%. By comparison, the PDF of the monthly ASI TS values was also smooth and showed a favorable lognormal distribution similar to the PDF of the PM 2.5 concentrations (Fig. 2b) . The NMB of the ASI TS PDF toward its lognormal function curve was 27.4% (the NMB here is the same as the equation for PM 2.5 concentrations but the value of C is ASI TS ), which was similar to the NMB of the PM 2.5 (24.0% in Fig. 2a ) and was much better than that of the ASI NOAA (179.1% in Fig. 2c ), further indicating that the ASI TS can better reflect the monthly PM 2.5 variations in NC than ASI NOAA .
Considering that the BTH is the most polluted area in NC (Fig. 1b) , we particularly compare the monthly variations in the regional-mean ASI TS , ASI NOAA , and PM 2.5 in BTH from April 2013 to March 2016 (Fig. 3) . It is clear that the ASI TS scheme can capture the peaks and troughs of the monthly PM 2.5 concentration series, with a significant correlation coefficient of 0.86, which passes the t test at 99% confidence level. The ASI TS had a clear seasonal fluctuation with high values from December to February (1.6-2.4) and low values from May to September (0.3-1.0). The simultaneous monthly mean PM 2.5 concentrations in BTH were 100-140 mg m 23 from December to February and 30-50 mg m 23 from May to September.
b. The daily variations of ASI TS in NC
The ASI TS scheme can also be applied to daily timescale variations, which is highly needed in analyzing haze events. Figure 4a shows the geographic distribution of correlation coefficients between the daily ASI TS and Among almost all of the NC grids, the daily ASI TS and PM 2.5 concentrations showed a significant correlation. The correlation coefficients were 0.6-0.7 in BTH and 0.5-0.6 in the other areas with high PM 2.5 concentrations (as shown in Fig. 1b) . In addition, similar to the monthly analyses, we also calculate the PDFs of the daily PM 2.5 concentrations and the daily ASI TS (Figs. 4b and 4c, respectively). The PDFs of PM 2.5 and ASI TS were lognormal distributions, with similar NMBs of 16.9% and 9.7%, respectively. These results indicate that the ASI TS can also reflect the daily PM 2.5 variations in NC. Furthermore, 10 urban observation sites at aerosolpolluted cities, including Beijing, Tianjin, Shijiazhuang, Xi'an, Zhengzhou, Yinchuan, Ji'nan, Taiyuan, Harbin, and Hohhot (marked in Fig. 4a ), are selected to examine the relationship between the local ASI TS and PM 2.5 concentrations. All those cities have been suffering heavy aerosol pollution reported by previous studies Sun et al. 2013; Han et al. 2014; Mao et al. 2014; Wang et al. 2014; Gui et al. 2016; J. Li et al. 2017; . The correlation coefficients between the daily ASI TS and PM 2.5 at the 10 polluted cities range from 0.4 to 0.7 and pass the t test at a 99% confidence level, further indicating that the ASI TS can be used to assess the PM 2.5 variations in polluted cities of NC.
To present the relationship between high ASI TS and extreme haze, we define an extreme haze day (EHD) as the day with the 5% highest daily PM 2.5 concentrations during the period of the analysis (from 1 April 2015 to 31 March 2016 in Fig. 5 ). The high ASI TS values essentially companied the occurrence of EHDs for the 10 cities (Fig. 5) . Taking Beijing as an example, EHDs occurred mainly from October 2015 to March 2016 with maximum daily mean PM 2.5 concentrations of up to 200-500 mg m 23 , which is similar to the findings in previous studies (Gui et al. 2016; J. Li et al. 2017 ). The high ASI TS values in the period also generally companied the EHDs, with the peak values ranging from 1.8 to 7.0. Two other BTH cities, Tianjin and Shijiazhuang, had a similar EHD occurrence as Beijing during the same period. The local ASI TS values in the two cities ranged from 3.0 to 10.0 and also effectively captured the aerosol pollution episodes. In Xi'an, Yinchuan, Ji'nan, Taiyuan, and Hohhot, the EHDs in the wintertime were always accompanied by high ASI TS values. It should be noted that the relationship between the daily PM 2.5 concentrations and ASI TS may be interfered by other factors, including strong nonlocal aerosol mass transportation, emergency emission control measures, and accidental emissions from biomass burning in NC (C. Yang et al. 2015; Long et al. 2016) . For example, the ASI TS scheme does not favorably track the two extreme events in Zhengzhou during January 2016, possibly because they were largely contributed by transportation from other places ).
To present the close relationship between high ASI TS and EHDs, Fig. 6 Figs. 4b and 4c) , the frequency of air stagnation weather in NC increased markedly on EHDs compared with non-EHDs, with a significant shift in ASI TS toward higher values. The ASI TS of highest probability density and mean ASI TS values of EHDs were 1.3 and 2.5, respectively, greater than the values of nonEHDs (0.3 and 1.2, respectively). These results suggest that ASI TS can qualify the occurrence of EHDs in NC.
c. Application of ASI TS as a predictor of extreme haze events
Because air stagnation weather provides a favorable atmospheric environment for the accumulation of aerosol masses (Wang and Angell 1999) , it is suggested that the effects of air stagnation weather on the PM 2.5 concentrations are not immediate but rather precede variations in the PM 2.5 concentrations. Hence, an ASI should have the ability to be a leading predictor of EHDs. To verify this assumption, Fig. 7 lead-lag correlation coefficients between the PM 2.5 concentrations and ASI TS in the same 10 cities as shown in Fig. 5 . It shows that the largest correlation coefficients between ASI TS and the PM 2.5 concentrations were not simultaneous. Rather, ASI TS led PM 2.5 concentrations by 1 day for all of the 10 cities, with the maximal significant lead-lag correlation coefficients ranging from 0.6 to 0.8. Significant lead correlation coefficients were also maintained for at least 4 days in each of the 10 cities as air stagnation days as defined by Wang and Angell (1999) . Moreover, the correlation coefficients of ASI TS leading PM 2.5 concentrations by 1 day were significant in all of the areas in NC and were larger than the simultaneous correlation coefficients in approximately 98% of the grid cells in NC (Fig. 8) . In the severely polluted regions mentioned in section 2b, such as the southern BTH, the lead correlation coefficients reached up to 0.6-0.8. These results indicate that ASI TS can reflect the aerosol mass accumulation and diffusion processes in NC.
At present, although various chemical transport models (CTMs) such as the WRF model with Chemistry (WRF-Chem; Chen et al. 2016) , the Community Multiscale Air Quality (CMAQ) modeling system (Hu et al. 2016) , and the Nested Air Quality Prediction Model System (NAQPMS; J. ) have been used to forecast PM 2.5 concentrations in NC, extreme haze predictions have generated considerable uncertainties in NC due to the uncertainties in parameterization of physical and chemical processes and out-of-date emission inventory. The significant lead correlation between ASI TS and the PM 2.5 concentrations indicate that the ASI TS of the previous day should be able to predict the daily PM 2.5 concentrations and the occurrence of EHDs in NC. Hence, we establish a simple prediction model to verify the prediction performance at the sites of the aforementioned 10 cities. The statistical model can be used through four steps. First, establish a statistical linear regression model between the daily PM 2.5 concentrations and the previous day's ASI TS values using data from 1 April 2013 to 31 March 2015 (i.e., the first 2 years) for every city site. Second, define an EHD as the day having extreme 5% high daily PM 2.5 concentrations during the first 2 years (the same as the definition in section 3b). The lower limits of the daily PM 2.5 concentrations on EHDs (denoted as PM 2.5 -EHD) in the 10 cities are shown in Table 2 . Third, calculate the previous day's ASI TS values corresponding to PM 2.5 -EHD using the linear regression model (Table 2 , denoted as ASI TS -PD). Fourth, apply the ASI TS -PD results to the period from 1 April 2015 to 31 March 2016 (i.e., the last year), to predict the occurrences of EHDs and calculate the prediction accuracy (Table 2) Correspondingly, the previous day's ASI TS value of an EHD would be greater than 1.9. Using such predictions by ASI TS in the previous day, 72.7% (16 of 22 days) of the EHD can be captured in Beijing. In the other cities, the PM 2.5 -EHD values were 103.9-300.3 mg m
23
, with the ASI TS -PD values ranging from 1.7 to 3.9. The EHD prediction accuracies using ASI TS -PD were 44.4%-100.0% in the 10 cities. The highest prediction accuracy was located in Shijiazhuang, which was also the most polluted among the 10 cities, with a PM 2.5 -EHD of 300.3 mg m
. With this approach, although the ASI TS scheme has no explicit consideration of emission, the ASI TS prediction should also have an adjustment to the emission change to some degree, because the observed PM 2.5 concentrations in the recent 2 years are always used to build the statistical prediction model. Hence, if the emissions change in recent years, the PM 2.5 concentrations and the ASI TS -PD can also have a corresponding adjustment. To summarize, we can predict all the occurrences of EHDs in Shijiazhuang over the last year using data from the previous 2 years only. The ASI TS represents an easily used and computationally efficient method for EHD predictions, which could be a supplement to the CTM predictions in NC (see Table S2 in the online supplementary material). At last, it should be noted that this approach would not be favorable when the emissions substantially change in a very short term (such as several days), which is beyond the consideration of the statistical prediction model.
d. ASI TS with low-and high-frequency signals of PM 2.5 concentrations
Many previous studies emphasized that changes in synoptic patterns are important drivers for variations in the PM 2.5 concentrations and the occurrences of aerosol pollution events in NC (Ye et al. 2016; Bei et al. 2016; Zheng et al. 2015; . Modulating by such synoptic activity, the PM 2.5 concentrations have a strong cycle with a period of 4-7 days in NC (Guo et al. 2014; Quan et al. 2014 Quan et al. , 2015 . Synoptic activities can impact the variations in PM 2.5 concentrations via controlling the air stagnation conditions (Ye et al. 2016) . Driven by favorable synoptic system activities, a stagnation weather pattern could last for several days (Wang and Angell 1999) . Hence, in addition to monthly and daily time scales, it is necessary to study the relationship between ASI TS and PM 2.5 concentration variations over a period of several days.
In this manuscript, we define low-frequency (high frequency) variations as a period greater than or equal to (less than) 5 days. Figure 9 shows the low-pass and high-pass PM 2.5 concentrations and the ASI TS values for Beijing. The low-and high-pass signals are calculated using a Lanczos filter (Duchon 1979) . It is shown that the relationship between ASI TS and the PM 2.5 concentrations was more significant in the low-frequency variations than in the high-frequency variations. The low-frequency ASI TS series was able to capture the crests and troughs of the PM 2.5 concentrations, especially for the episodes with high PM 2.5 concentrations in the wintertime. The simultaneous and largest lead-lag correlation coefficients in the low-frequency variations were 0.61 and 0.68, respectively (the largest lead-lag correlation was also observed when the ASI TS led the PM 2.5 concentrations by 1 day, as shown in Fig. 7) . By comparison, the high-frequency ASI TS series was not clearly related to the variations in the PM 2.5 concentrations. The simultaneous correlation in the highfrequency series was not as significant as that in the low-frequency series. Although the lead-lag correlation coefficient for ASI TS that led the PM 2.5 concentrations by 1 day passed the t test with 99% confidence, the correlation value was only 0.33, which was far smaller than the corresponding value of low-frequency series. The same results can also be seen in other cities in NC (see Figs. S1-S9 in the supplementary material). The results indicate that the influence of ASI TS on the variations in the PM 2.5 concentrations mainly reflects the impacts of cycles of activity in synoptic systems, which has been reported in previous studies (Guo et al. 2014; FIG. 6 Quan et al. 2014 Quan et al. , 2015 . In addition, since the ASI TS mainly reflects the variations in the PM 2.5 concentrations on synoptic time scales, it could also be used to assess the extreme haze events persisting for several days (see Table S1 in the supplementary material).
e. Sensitivity of the ASI TS scheme to its parameters
Although the abovementioned results demonstrate that the new ASI TS scheme in this manuscript is strongly related to the PM 2.5 concentrations in NC, the powerlaw exponent a 5 1/4 that we set in (4) and (8) is mainly based on the analysis of the order of magnitude. Therefore, it is necessary to analyze the sensitivity of the ASI TS scheme to the parameter a. We calculate the monthly ASI TS by adopting four different values of a equal to 1, 1/2, 1/3, and 1/5, and compute the correlation coefficients between the PM 2.5 concentrations and those ASI TS series (Fig. 10) . When a 5 1/4, the correlation coefficients are significant throughout most of NC. However, when a is set to 1, the correlation coefficients of most of the aerosol-polluted areas such as BTH are evidently smaller than the values when a is set to 1/4, as shown in Fig. 1c . When a is set to 1/2, 1/3, and 1/5, the geopotential patterns of the correlation coefficients between the PM 2.5 concentrations and ASI TS are very similar to those when a is set to 1/4. For example, in BTH, the correlation coefficients reached 0.8-0.9, 0.8-0.9, and 0.9-1.0 when a is equal to 1/2, 1/3, and 1/5, respectively. It is thus evident that a is not a sensitive parameter to the relationship between the stagnation conditions and the PM 2.5 concentrations in NC when a # 1/2. The ASI TS scheme adopted in this manuscript can efficiently reflect its relationship with variations in PM 2.5 concentrations.
Another noteworthy parameter in the ASI TS is the PBLH since the PBLH could have much uncertainty due to various diagnosis methods and data (Von Engeln and Teixeira 2013; Seidel et al. 2010; McGrath-Spangler and Molod 2014) . To estimate the impacts of the uncertainty in PBLH, we calculated the daily ASI TS when PBLH have random relative error less than 25% and 50%, respectively (Table 3 ). It is found that the ASI TS with 25% and 50% uncertainty of PBLH were significantly correlated with the ASI TS used in the manuscript, with the correlation coefficients of 0.98 and 0.91, respectively, and with the small normalized mean biases of 13% and 29%, respectively. Additionally, the PBLH directly from the reanalysis datasets should not be suitable for the real-time diagnosis of ASI TS and haze prediction. So in this case, PBLH derived from other methods such as critical bulk Richardson number (BRN; McGrathSpangler and Molod 2014; Guo et al. 2016; could also be used to calculate ASI TS (see Fig. S10 in the supplementary material) .
At last, we analyzed the uncertainty of ASI TS induced by precipitation threshold by comparing the ASI TS with the counterparts using the thresholds of 2 and 5 mm day 21 , respectively. It is also shown that the threshold of precipitation could not affect the ASI TS values so much (Table 4) .
Conclusions and discussion
This study introduced a new ASI TS scheme to quantify the air stagnation conditions and investigate the relationship between ASI TS and observed PM 2.5 concentrations on monthly and daily time scales. The new ASI TS scheme considers air diffusion potency via advection, turbulence potency in the PBL, and the effect of wet deposition. The ASI TS scheme was then applied to analyze and predict the occurrence of extreme haze events in NC between 1 April 2013 and 31 March 2016 using MERRA-2 meteorological fields and MEP/EMC PM 2.5 concentrations in NC.
ASI TS showed a close relationship with the monthly variations and PDF of the PM 2.5 concentrations in NC. The correlation coefficients among 99.1% of the areas in NC passed the t test at a 99% confidence level. In many aerosol-polluted areas of NC, the correlation coefficients between ASI TS and the PM 2.5 concentrations FIG. 8 . As in Fig. 4a , but for the leading correlation coefficients between ASI TS and the PM 2.5 concentrations at a lead of 1 day. The hatched areas denote the areas in which the lead correlation coefficients are greater than the simultaneous correlation coefficients shown in Fig. 4a . Fig. 1c , but for the parameters a 5 1, 1/2, 1/3, and 1/5 in (8).
PM 2.5 concentrations in the 10 polluted cities in NC. In addition, because the correlation coefficients for ASI TS leading the PM 2.5 concentrations by 1 day were greater than the simultaneous correlation coefficients for approximately 98% of the grid cells of NC, ASI TS is a useful leading predictor of the extreme haze events in NC. The prediction accuracies of extreme haze days using the ASI TS scheme were favorably 44.4%-100.0% for the 10 cities. It is also found that the air stagnation conditions represented by ASI TS and the PM 2.5 concentrations mainly depended on low-frequency variations (signal period $5 days) compared with high-frequency variations (signal period ,5 days). These results indicate that the influence of ASI TS on the variations in PM 2.5 concentrations mainly reflects the impacts of activities in synoptic systems, as was reported in previous studies. It should be noted that this study only applied the ASI TS scheme to NC. But we find that ASI TS does not have a comparably strong relationship with the variations in the PM 2.5 concentrations over southern China (SC) as it does for NC. This could be possibly attributed to two reasons: 1) some parameters of ASI TS are designed mainly with regard to the magnitudes of the variables for NC, and 2) other meteorological parameters, including higher humidity, temperature, and volatile organic compound emissions, are quite different in SC (Fu and Liao 2012) and are not related to the air stagnation conditions but could markedly impact the aerosol concentrations over SC Jiang et al. 2012; Chan et al. 2017; Qin et al. 2016; Jiang et al. 2008 ). Hence, a modified meteorology index involving additional physical and chemical processes is required to qualify EHDs and variations in the aerosol concentrations for SC.
Because of the good performance in illustrating the variations in the PM 2.5 concentrations driven by air stagnation weather, the ASI TS scheme may be a useful tool for analyzing variations in the aerosol pollution in NC that are driven by variations in meteorological conditions on the synoptic scale and month-to-month time scale. Because of the significant leading correlations shown between the daily ASI TS values and the PM 2.5 concentrations and simple calculation requirements, the ASI TS scheme can be used to predict the occurrences of EHDs in NC. In section 3c, we simply used an empirical model with a constant ASI TS -PD by the data of the first 2 years to predict the occurrences of EHDs in the third year. In practice, the ASI TS and PM 2.5 data in the previous year can be used to establish a dynamically updated ASI TS -PD and then to make a more favorable prediction. We think the ASI TS -based prediction is just a supplementary tool for extreme haze event prediction and analysis in NC. For example, the ASI TS could be a useful analysis tool to understand the causes of haze event occurrence in NC. By comparing with the ASI and CTM prediction, more could be understood about the effects of emissions and meteorology, respectively, in an extreme haze event. The ASI TS prediction could also combine with the regional meteorological models and regional air quality models to forecast the extreme haze in the subsequent few days. Finally, because of the good relationship between monthly ASI TS and PM 2.5 concentrations and the simple expressions of ASI TS , the ASI TS could be helpful for understanding the impacts of climate change and general atmospheric circulation on long-term variations in haze events over NC, which is one of the frontier study issues (Feng et al. 2016; Cai et al. 2017; Chen and Wang 2015; Ding and Liu 2014) . 
